Abstract Purpose: Enzastaurin is a selective inhibitor of protein kinase C β. Prior phase I studies did not show increased drug exposures with escalating once daily administration. Limits from gastrointestinal absorption may be overcome by twice daily dosing, potentially improving antitumor effects. Experimental Design: We conducted a phase I dose escalation study in 26 patients with recurrent malignant glioma, stratified by use of enzyme-inducing antiepileptic drugs, to investigate whether divided twice daily dosing results in higher exposures compared with once daily dosing. Phosphorylated glycogen synthase 3 β was analyzed as a potential biomarker of enzastaurin activity.
Malignant gliomas are uncommon but lethal tumors. Once the primary treatment modalities of surgery, chemotherapy, and radiation have failed, the prognosis for patients with recurrent disease is poor. When patients have tumor progression, conventional chemotherapy has not been shown to prolong survival (1) . Gliomas are relatively resistant to standard chemotherapy because of blood-brain barrier impedance to drug delivery, tumor hypoxia, and their relatively low growth fraction. Most importantly, gliomas tend to have significant intrinsic resistance to most standard cytotoxic agents. New agents directed against novel cellular targets may improve patient outcomes.
The protein kinase C (PKC) enzymes are a family of serine/ threonine kinase signaling molecules involved in numerous cellular functions including cell growth, proliferation, and programmed cell death. The β isoform of PKC lies in the signal cascade of vascular endothelial growth factor, and inhibition of this pathway leads to a block in tumor angiogenesis and growth in vitro (2) . Enzastaurin is a potent selective inhibitor of PKCβ and has been shown to have antiangiogenic and antitumor effects in various preclinical models (3) (4) (5) (6) . Enzastaurin and its metabolites (LY326020 and LY485912) prevent substrate phosphorylation by competing with ATP for the ATP binding site of the enzyme, thereby inhibiting PKC activation and its target proteins such as AKT (7, 8) . Enzastaurin treatment has also been shown to suppress glycogen synthase 3 β (GSK3β) phosphorylation in a variety of human cancer cell lines, including HCT116 colon carcinoma cells, glioblastomas, and B-cell lymphomas (9) (10) (11) . Additionally, we have recently shown that enzastaurin has direct inhibitory activity against GSK3 activity, associated with overall inhibition of GSK3 phosporylation (12) . Thus, phosphorylated GSK3β may be a useful biomarker for monitoring the activity of enzastaurin.
A prior phase I trial of enzastaurin established a phase II dose of 525 mg/day based on achieving a biologically active target plasma concentration, and showed an inability to significantly increase plasma levels of enzastaurin and its metabolites with increasing doses of the drug (13) . A subsequent phase I/II trial in recurrent high-grade gliomas suggested activity but raised the question of whether suboptimal concentrations of the drug were being achieved in the brain, especially for patients on enzyme-inducing antiepileptic drugs (EIAED; ref. 14). We hypothesized that the lack of increase in plasma exposures after higher doses could be due to dose-limiting saturation in absorption of enzastaurin from the gastrointestinal tract. We designed this trial to determine if the dose schedule, in addition to the total dose, influences exposure to enzastaurin and its metabolites in patients on EIAEDs and those who are on non-EIAED.
Patients and Methods
Inclusion/exclusion criteria. Adult patients with histologically proven malignant glioma with progression of disease after prior radiation therapy were eligible for this National Cancer Institute Institutional Review Board-approved trial. Patients were required to have a Karnofsky Performance Status of ≥60, and adequate organ function as measured by WBC of ≥3,000/μL, absolute neutrophil count of ≥1,500/mm 3 , platelet count of ≥100,000/mm 3 , hemoglobin of ≥10 gm/dL, aspartate aminotransferase and bilirubin of less than or equal to twice the upper limit of normal, and creatinine of ≤1.5 mg/dL. They must have recovered from toxic effects of prior therapy and not received nitrosureas within 6 wk, procarbazine within 3 wk, other cytotoxic therapy within 4 wk, noncytotoxic investigational agent within 2 wk, or other noncytotoxic agents within 1 wk of study entry. Any prior treatment with EIAEDs was discontinued for at least 2 wk before enrollment for patients in group A (non-EIAEDs). Patients in group B were taking one of the following EIAEDs: carbamazapine, oxcarbazapine, or phenytoin. Other concurrent tumor therapy, active malignancy, active infection, pregnancy, breast feeding, QTc of >460 ms, and clinically significant dysrrhythmia were exclusion criteria for participation.
Study design. This was a phase I trial designed to explore drug exposure as a function of total dose and dosing schedule, and to establish the maximum tolerated dose for once daily and twice daily dosing stratified by use of EIAEDs. Twelve patients per dose level were planned for group A, and six patients per dose level were planned for group B. Dose limiting toxicity (DLT) was defined as any CTC v3.0 hematologic or nonhematologic grade of ≥3 toxicity thought to be due to or possibly due to enzastaurin during the first 6 wk of treatment. For group A, the maximum tolerated dose was defined as the dose level below that one third of patients enrolled experience a DLT. Likewise, for group B, the maximum tolerated dose was defined as the dose level below that two or more of six patients experience DLT during the first cycle of therapy.
Treatment. Due to expected interpatient variability, each patient served as their own control in a crossover design where patients alternated between daily and twice daily divided dosing midway through the first 6-wk cycle. Half of patients at each dose level started with once daily dosing, and the other half with twice daily dosing. All patients proceeding to cycle two and beyond were treated with twice daily dosing. Enzastaurin was supplied as 100 and 125 mg tablets, self-administered within 30 min of a high-fat meal (at least 40 grams). Blood chemistry and hematology was monitored weekly through cycle one, then biweekly thereafter. Physical and neurologic exams were done before initiating every cycle and midway through cycle one. Serial electrocardiograms were obtained at steady-state midcycle and end-cycle one for correlation with pharmacokinetic parameters.
Pharmacokinetics. Pharmacokinetic sampling was done for comparison between once daily and twice daily dosing in weeks 2 to 3 and 5 to 6. If a patient was on the once daily regimen, blood samples for drug concentration measurement were collected on day 19 to 21 from the start of the once daily dosing, at predose, and 1, 2, 4, 6, and 24 h postdose (before next dose administration). If a patient was on twice daily dosing, then samples were taken on day 19 to 21 from the start of the twice daily regimen at predose (before the morning dose), 1, 2, 4, 6, 12 h postdose (before evening dose), and 12 h after the evening dose (before next dose administration). Thus, each patient had 2 d of sampling on approximately day 21 and 42 of cycle 1. In addition, a 4-h sample on day 1 was obtained for enzastaurin concentration measurement coincident with the sample collected for measuring GSK3β activity. High-performance liquid chromatography with tandem mass spectrometry was used to analyze concentrations of enzastaurin, and its active metabolite, LY326020 (Advion BioSciences, Inc.).
Pharmacokinetic parameters for enzastaurin, its active metabolite (LY326020), and total analytes (sum of enzastaurin and its metabolite) were determined from the plasma concentration versus time data using standard noncompartmental methods (WinNonlin Enterprise, Version 5.0.1; Pharsight Corp.). The lower limit of quantification for enzastaurin was 0.970 nmol/L (0.5 ng/mL), and 1.178 nmol/L (0.5 ng/mL) for LY326020. Pharmacokinetic parameters of interest for enzastaurin were steady-state AUC, maximum plasma concentration (C max,ss ), and apparent clearance. For the active metabolite (LY326020) and for total
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Response and survival analysis. Tumor response and survival were secondary end points. Contrast-enhanced magnetic resonance imaging was evaluated every 6 wk where tumor response was assessed with standard Macdonald and Levin criteria using largest cross-sectional diameters of measurable lesions, or scored evaluations of nonmeasurable but evaluable disease (15, 16) . The designation of stable disease required a minimum of 6-wk duration. Progression-free survival was estimated using Kaplan Meier methodology using the earlier of either date of documented disease progression or date of death.
Results
Treatment and toxicity. Twenty-two of 26 patients who enrolled into the study between April 2005 and December 2006 were evaluable. Before completing the first cycle, two patients had documented disease progression and two withdrew for clinical deterioration. Median age was 56 years (range, 24-71); median Karnofsky Performance Status was 90 (range, 70-100); 17 (77%) patients had glioblastoma. Patients received an average of 2 chemotherapy regimens for their tumor before study participation (range, 1-3) and all patients received prior radiation therapy. Abbreviations: C max , maximum plasma concentration; T max , time of maximum observed drug concentration; C av,ss , average drug concentration under steady-state conditions during multiple dosing; CL/F, apparent total body clearance of drug calculated after extravascular administration; CV, coefficient of variation; MR, metabolic ratio; n, number of subjects in pharmacokinetic analysis. *Treatment comparisons are based on least-square geometric mean values of the pharmacokinetic parameters.
† Two pvatients did not have pharmacokinetic data available for the twice daily portion of their treatment course. ‡ The median and range are presented. § n = 11.
Twelve group A patients were treated at the first dose level of enzastaurin 800 mg given either once daily, or as 400 mg twice daily. Three of the first 9 patients experienced DLT; 2 grade 3 thrombocytopenia (1 also with asymptomatic grade 3 QTc prolongation) and 1 grade 3 elevated alanine aminotransferase. This was considered unacceptable toxicity and subsequently, the next cohort of patients was treated with enzastaurin 500 mg given daily or in divided doses. Two of 5 patients treated at this dose level experienced DLT; 1 patient died from intracerebral hemorrhage in the setting of grade 3 thrombocytopenia, and another patient had grade 3 asymptomatic QTc prolongation. Because greater than one third of patients in this lower dose level had DLT, enrollment to this dose level then closed. Only 5 of 6 planned patients were accrued to the group B arm of the study and treated with enzastaurin 1,000 mg/day, when 2 patients had dose limiting grade 3 thrombocytopenia. All DLTs occurred while taking enzastaurin on the twice daily schedule or at ≥800 mg once daily. The only exception was one case of grade 3 prolonged QTc in a patient being treated at 500 mg once daily who had a history of QTc prolongation before study entry. Serial electrocardiogram evaluations at the middle and end of cycle one revealed transient asymptomatic prolonged QTc as described in Table 1 along with the complete toxicity data. There was no significant relationship between QTcB changes from baseline and concentrations of enzastaurin LY326020.
Pharmacokinetics. Of 21 patients entered in group A, 17 were evaluable for toxicity and had data available for pharmacokinetic analysis. Summary of the pharmacokinetic parameters for enzastaurin, its metabolite LY326020, total analytes (sum of enzastaurin and its metabolites), and the geometric mean ratio (exponentiating LS means) are presented in Table 2 . The average drug concentration of enzastaurin under steady-state conditions during multiple dosing was doubled by twice daily dosing compared with daily dosing (1.990; 90% CI, 1.450-2.730), whereas the metabolite was ∼44% higher (1.439; 90% CI, 1.248-1.658). Total analyte was ∼52% higher for divided dosing at 800 mg/day (1.519; 90% CI, 1.189-1.941), and 97% higher at 500 mg/day (1.971; 90% CI, 1.286, 3.020). Supplementary Table S1 presents the geometric mean ratios for comparisons of DL1 (800 mg) and DL-1 (500 mg). Exposures approximately doubled with 800 mg versus 500 mg dosing for both daily (2.687; 90% CI, 1.232-5.860) and twice daily regimens (1.852; 90% CI, 0.799-4.292). Overall, increased Fig. 1 . Exposures of enzastaurin and its major metabolite LSN326020 are increased with twice daily versus once daily dosing at all dose levels for patients on non-EIAEDs. QD, once daily; BID, twice daily.
drug exposure was associated with both higher and twice daily dosing (Fig. 1) .
Among the 5 patients enrolled to group B, only 2 had sufficient data available for pharmacokinetic evaluation; 2 patients progressed within 3 weeks of enrollment, and 1 patient did not have adequate vascular access for pharmacokinetic sampling. Only one patient in group B had pharmacokinetic data available to compare once daily versus twice daily dosing, and had pharmacokinetic results consistent with the patients described for group A where higher exposures occurred with twice daily versus once daily oral dosing (Table 3) .
Exposures in group B patients in this trial were >10-fold higher (Table 3 ) than those seen in our earlier once daily dosing phase I/II trial of enzastaurin in glioma patients where mean enzastaurin average drug concentration under steady-state conditions during multiple dosing was ∼72 to 99 nmol/L in the 3 dose groups of 525, 700, or 900 mg daily (14) . In that phase I/ II trial, patients on enzyme inducers were seen to have a much higher proportionate exposure of LY326020 compared with the parent enzastaurin compound in line with an induction effect; something not observed in the patients in this trial. 4 A review of concomitant medications showed that group B patients on the present trial who were evaluable for pharmacokinetic parameters were treated with oxcarbazepine, which is not a very potent inducer of CYP3A (17) . By contrast, the pharmacokinetic samples in the JCAJ trial came from patients treated with phenytoin or carbamazepine, drugs known to be very potent inducers of CYP3A (18) .
Response and survival outcomes. Nineteen patients were evaluable for radiographic response. Two patients (11%) had objective responses (1 complete and 1 partial response), whereas 8 patients (32%) achieved stable disease (Fig. 2) . Two patients (1 anaplastic astrocytoma, 1 glioblastoma) have had long-term disease control and remain alive progression free over 150 weeks from treatment initiation. Both patients were young men (ages 34 and 39 years) treated for their first recurrence. Nevertheless, the median progression-free survival for the entire study group was only 1.4 months, and the median overall survival was 5.7 months.
Pharmacodynamics. Because enzastaurin inhibits the phosphorylation and activity of GSK3β in glioma cells in vitro (Supplementary Fig. S1 ; ref. 12), we analyzed pGSK3β in patient peripheral blood mononuclear cells as a potential biomarker of enzastaurin activity. Due to difficulties with both sample processing and collection, only six patients had pGSK3β assays successfully collected and done through steady-state. Five of these patients achieved disease control (one complete response, two partial response, and two stable disease) and had pGSK3β NOTE: Of five patients enrolled on this arm of the study, pharmacokinetic data are partially available for two patients. levels that were all decreased from baseline. The 6th patient had progressive disease and had increased pGSK3β at steady state after the first 3 weeks of therapy (Fig. 3A) . Figure 3B shows the kinetics of pGSK3β for two patients after administration of enzastaurin, where levels in peripheral blood mononuclear cells decrease in a time dependent manner.
Discussion
Enzastaurin is potentially a promising drug in the treatment of malignant glioma through its ability to inhibit PKCβ and thereby influence vascular endothelial growth factor-mediated signaling, as well as its ability to inhibit GSK3 (12) . This trial investigated higher dosing and an alternate dose schedule in an effort to improve drug exposures of enzastaurin and its metabolites above the previously established phase II dose of 500 mg/ day. We also explored pGSK3β as a potential biomarker of enzastaurin activity in vivo.
There were several reasons for wanting to evaluate higher serum levels of enzastaurin and its active metabolite in the treatment of gliomas. First, the phase II dose established by a prior phase I/II study was not a traditional toxicity-based maximum tolerated dose (14) . Rather, it was determined by the pharmacokinetic end point of achieving a drug concentration that inhibits PKCβ in vitro. Whether this drug concentration maximally inhibits PKCβ in tumor-associated endothelial cells of human subjects is speculative. Given the wide variability in intrapatient pharmacokinetics, it is certainly possible that the current phase II dose does not optimally inhibit the target enzyme in all patients. Thus, higher serum enzastaurin levels may translate to higher concentrations of the drug in tumor-associated endothelium with clinical benefit.
Additionally, we observed that enzastaurin has direct cytotoxic activity against glioma cells in vitro, mediated at least in part through its ability to directly inhibit GSK3 ( Supplementary  Fig. S1 ). Both the GSK3 inhibitory effects and the cytotoxic effects of enzastaurin seem to be concentration dependent with higher drug levels resulting in greater inhibition of GSK3 and greater glioma cell cytotoxicity (Supplementary Fig. S1 ). Because this cytotoxic activity requires enzastaurin to directly reach tumor cells in situ (many of which reside behind a partially or fully intact blood-brain barrier), higher concentrations of drug may increase the total amount of drug that passes through the barrier for this lipophillic compound.
We hypothesized that the inability in previous clinical trials to increase serum concentrations of enzastaurin were secondary to saturation absorption in the gastrointestinal tract because all Fig. 3 . Phospho-GSK3b as a marker of treatment response. A, patients who achieved disease control [complete response (CR), partial response (PR), or stable disease] all had decreased levels of pGSK3β, in contrast to the patient who had disease progression and did not have suppression of pGSK3β with enzastaurin treatment. Error bars, one-SD of technical variation. B, time course of pGSK3β inhibition in peripheral blood mononuclear cells after enzastaurin administration. Peripheral blood mononuclear cells were harvested from patient blood samples obtained serially, and pGSK3β levels measured in triplicate through 96-well plate ELISA assays as described in Patients and Methods section. Points, mean; bars, SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. prior dosing had been given once per day. Thus, we designed this study to ask whether we could increase serum concentrations by dividing the dose and administering it twice rather than once daily. Given the significant interpatient variability in enzastaurin pharmacokinetics, we designed this trial so that each patient served as their own comparator between the daily and twice a day dosing.
Patients in our study experienced unacceptable toxicity at all dose levels tested, in contrast to prior studies where enzastaurin was very well-tolerated. Toxicity seemed to be dose dependent because DLTs were largely observed with twice daily dosing, which was in turn associated with 50% to 90% higher drug exposures than was the daily dosing. Furthermore, in contrast to the prior phase I/II study, where increasing doses of enzastaurin from 500 to 900 mg/day did not result in increasing serum levels of the drug (14) , our study did result in significant increases in total analyte exposure between the 500 and 800 mg once daily cohorts. The reasons for these discrepant results are not clear but could simply be a statistical phenomenon related to the relatively small numbers of patients in both studies confounded by large interpatient variability in pharmacokinetics. One additional possibility is that in our study, we mandated that patients ingest their enzastaurin with a highfat meal (at least 40 grams of fat per day) to maximize absorption of this lipid-soluble drug. Thus, we may have been able to partially overcome some of the presumed saturable absorption kinetics of single high-dose enzastaurin administration by administration of the drug with a fat-rich diet. Thus, although drug exposure could be increased by both administration of higher single doses of enzastaurin (possibly by the coadministration of a fat-rich diet) and by twice daily dosing, dose-limiting thrombocytopenia seems to preclude further study of higher dosing of enzastaurin in glioma patients.
Only a few complete data sets were available for evaluating pGSK3β as a biomarker of PKCβ inhibition. Interestingly, the five patients studied who achieved disease control all had decreased pGSK3β levels at steady-state compared with baseline values, whereas the one patient who had progressive disease at first follow-up had increased levels. This pattern suggests that sustained GSK3β down-regulation may be an integral part of the clinical activity of enzastaurin, although clearly, a larger number of patients will be required to confirm these observations.
From a clinical perspective, enzastaurin shows limited but potentially encouraging efficacy results for a subset of patients with recurrent malignant glioma. Two patients in this small cohort achieved long-term disease control, implying treatment effects beyond antiangiogenesis, possibly related to proapoptotic activity of enzastaurin. Studies of enzastaurin in other solid tumor malignancies have not shown the same objective response rates as seen in this and other trials of brain tumor patients (11, 14, 19) , possibly suggestive of a unique direct effect of enzastaurin on glioma cells.
In conclusion, higher and more frequent daily dosing of enzastaurin can increase systemic exposure to drug but with unacceptable toxicity comprised primarily of thrombocytopenia and prolonged QTc. Enzastaurin remains a potentially promising drug in the treatment of recurrent malignant glioma and is currently being evaluated by the 500 mg once daily dosing schedule in combination with other agents. pGSK3β may be a useful biomarker for enzastaurin antiglioma activity and warrants further study as a correlative end point in future trials. 
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